; furthermore, the expression of DP2 protein, a functional partner of E2F, was observed. Taken together, these observations suggest that AhR functions to promote cell cycle progression in both the presence and absence of exogenous ligands. The AhR gene has undergone duplication and diversification in vertebrate animals, resulting in at least three members of the AhR gene family: AhR1, AhR2 and AhRR. The inability of invertebrate AhR homologs to bind dioxins and related compounds suggests that the adaptive role of AhR as a regulator of xenobiotic metabolizing enzymes may have been a vertebrate innovation. The physiological functions of AhR during development appear to be the ancestral version of the adaptive xeno-sensor functions. The AhR repressor (AhRR) gene, which was first identified in mice as a target gene for AhR/Arnt transcription factors, acts as a negative regulator of AhR function by competing with AhR for dimerization with Arnt and binding to XRE. 7) AhRR homologs of human and fish origin have subsequently been reported. [8] [9] [10] Following the recent cloning of a coding region of AhRR cDNA in TCDD-sensitive and TCDD-resistant rat strains, 11) the structure of full length cDNA including the elongated 3Ј-UTR was clarified by the authors (ref. 12; accession number, AB174900). The AhRR expression level and inducibility are tissue and cell line-specific. The levels of human AhRR mRNA expression were extremely high in the testis, lung, ovary, spleen and pancreas and poor in the small intestine, liver, kidney, colon and heart, 13) whereas those of the rat homolog were high in the small intestine and lung and low in the liver and kidney 12) ; however, it has not been reported whether AhRR has other functions except for repression of the acquired AhR-xenosensing functions. In this study, we investigated the effect of human AhRR on cell growth in MCF-7 using stably transfected cells to see whether AhRR has the same physiological effect as AhR or is an antagonist, as in the ligand-dependent transcriptional activation of CYP1A1.
MATERIALS AND METHODS

Cell Culture and Stable Transfection
Human breast cancer MCF-7 cells were cultured in Dulbecco's Modified Eagle's Medium (DMEM, GIBCO) containing 5% fetal bovine serum (FBS) and penicillin-streptomycin in humidified 5% CO 2 at 37°C. The human AhRR coding sequence amplified by reverse transcription-polymerase chain reaction (RT-PCR) utilizing 5Ј-GCGGGATCCATGATCCCCCCGC-CGGGGGAG-3Ј as a sense primer (start codon underlined, BamHI site in italics) and 5Ј-GATGGTGGTCACTGCGC-TATGGAAT-3Ј as an antisense primer (stop codon underlined) was ligated to the BamHI and EcoRV sites of expression vector pcDNA 5/TO (Invitrogen) to make pcDNAhAhRR. The cells were transfected with pcDNA-hAhRR using TransFast (Promega). On the following day, the medium was changed to another containing hygromycin (500 mg/ml). After 2 weeks, single colonies were picked up and subcultured in 24-well plates. The stable expression of
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AhRR in the variant cells was verified by RT-PCR and the interference with 3-MC-induced luciferase activity after transfection of the XRE-driven reporter plasmid XRE-pGL3.
14)
Cell Growth MCF-7 and its AhRR-expressing variant cells were seeded at 2ϫ10 4 /ml of growth medium in 48-well plates. Culture medium was changed every 2 d. The viability of MCF-7 cells was determined on days 2 to 6 using the CellTiter 96 Aqueous Non-Radioactive Cell Proliferation Assay kit (Promega), depending on the reduction of a tetrazolium compound MTS to formazan with an absorption optimum of 490 nm directly proportional to the number of living cells. The results were expressed as the absorbance ratio on each day to the corresponding values on day 2. The number of harvested cells was simultaneously counted on days 2 and 6 using a hemocytometer.
Luciferase Reporter Assay The effect of AhRR on AhR-mediated transactivation was investigated as follows. Twenty-four hours after seeding at 2ϫ10 4 cells/ml in 48-well plates in growth medium, the cells were transfected with 100 ng of XRE-pGL3 and internal standard plasmid phRL-SV40 (Promega) using a mixture of TransFast and OPTI-MEM (Invitrogen) for 2 h. After overnight incubation, cells were treated with 3-methylcholanthrene (3-MC, 2.5 mM) for 6 h before the luciferase activity was measured using the Dual-Luciferase Reporter Assay System (Promega) and Turner Designs Luminometer (Model TD-20/20, Promega).
Semi-quantitative RT-PCR The expression of mRNAs of estrogen-responsive and cell cycle-related genes was measured by RT-PCR as follows: Total RNA was extracted from cells using the SV Total RNA Isolation System (Promega). Oligo-dT-primed cDNA was synthesized from 1 mg of total RNA using RTG You-Prime First-Strand Beads (Amersham Biosciences). cDNA was amplified by Blend Taq DNA polymerase (TOYOBO) and each primers in a thermal cycler under the following conditions after preincubation at 95°C for 5 min: each cycle of denaturation at 98°C for 10 s, annealing at 55°C for 30 s, except for c-myc, cyclin D1 at 60°C and cyclin E1 at 50°C and extension at 72°C for 30 s. The reaction products were separated by agarose gel electrophoresis and analyzed using a Flour Imager (Amersham Biosciences) after staining with ethidium bromide. The results are shown relative to the control level after normalization to GAPDH. The oligonucleotides used as forward and reverse primers and cycles are shown in Table 1 .
RESULTS
Isolation of MCF-7 Variant Cells Stably Expressing
AhRR MCF-7 cells transfected with pcDNA-hAhRR were cultured in growth medium containing hygromycin. The drug-resistant clones were analyzed for their expression levels of AhRR mRNA by RT-PCR. Two clones named MCFRR1 and MCFRR4 showed high levels of AhRR mRNA expression, in which MCFRR4 was dominant over AhR  5Ј-CATGCTTTGGTCTTTTATG-3Ј  5Ј-TTCCCTTTCTTTTTCTGTCC-3Ј  35  AhRR  5Ј-AGACTCCAGGACCCACAA-3Ј  5Ј-CAGCGTCGGACCACACA-3Ј  35  Cyclin E1  5Ј-CAGCCCTTACAAAACAGTTCATC-3Ј  5Ј-AAGGGACTCCCACAACAACA-3Ј  28  p27   Kip1   5Ј-GGAGCAATTTTGGGGAA-3Ј  5Ј-GCAATTATCTTTAGCCAGTGT-3Ј  28  PCNA  5Ј-CTTTTCTGTCACCAAATTTGTACC-3Ј  5Ј-AAACTGCATTTAGAGTCAAGACCC-3Ј  29  E2F1  5Ј-GTGCAGATTGGAGGGTGG-3Ј  5Ј-GATGGATATGAGATGGGAGAGG-3Ј  29  Cathepsin D  5Ј-ACGCTCAAGGTGTCGCAGG-3Ј  5Ј-CAGGGCAGGTTTCCAAGGG-3Ј  32  c-myc  5Ј-TACCCTCTCAACGACAGCAGCTCGCCCAAC-3Ј  5Ј-TCTTGACATTCTCCTCGGTGTCCGAGGACC-3Ј  30  Cyclin D1  5Ј-GCACAGCTGTAGTGGGGTTCTAGGC-3Ј  5Ј-CAGGCGCAAAGGACATGCACACGGC-3  28  hsp27 5Ј-GGCACGAGGAGCAGAGTCAGC-3Ј 5Ј-TGGCGGGGGAGGCACAGG-3Ј 20 p53
5Ј-AATGGATGATTTGATGCTGTCCC-3Ј 5Ј-CGTGCAAGTGCACAGACTTGGG-3Ј 28 Rb 5Ј-CAGATGCAATTGTTTGGGTG-3Ј 5Ј-TGAATGGGCAGTCAATCAAA-3Ј 28 GAPDH 5Ј-ACCACAGTCCATGCCATCAC-3Ј 5Ј-TCCACCACCCTGTTGCTGTA-3Ј 24 MCFRR1, whereas the expression by their parental MCF-7 cells was negligible (Fig. 1A) . In marked contrast, no difference was observed in the expression levels of AhR mRNA among these 3 cell lines (Fig. 1A) .
The Suppressive Effect of AhRR on AhR-Mediated Transcriptional Activation MCF-7 and two AhRR-expressing variant cells were transfected with XRE-pGL3 luciferase reporter vector and treated with 3-MC to observe the effect of AhRR on AhR-mediated transcriptional activation. Although the 3-MC-induced AhR-mediated induction of luciferase activity was observed in all cell lines, a decreased response was observed with variant cells compared to MCF-7 cells (Fig. 1B) . The higher the expression level of AhRR, the lower the luciferase activity, among the 3 employed cell lines.
The Growth Inhibitory Effect of AhRR MCF-7 or MCFRR4 cells were seeded at 2ϫ10 4 cells/ml on day 0 and cell proliferation rate was monitored from day 2 through day 6 by the MTS method. Proliferation rate was expressed as a percentage compared to that on day 2 (100%), as shown in Fig. 2A . MCFRR4 cells grew slowly compared with MCF-7.
Cell growth measured using a hemocytometer was not incompatible with the proliferation rate determined by the MTS method (Fig. 2B) . As well as MCFRR4, MCFRR1 showed reduced growth rate compared with MCF-7 as shown in Fig. 2C . These data suggest the suppression of cell growth in variant cells might be related to the expression of AhRR.
Effect of AhRR on the Expression of Estrogen-Responsive and Cell Cycle-Related Genes To elucidate the mechanisms by which AhRR inhibits the growth of MCF-7 cells, the effect of AhRR on the mRNA expression of cell cycle-related genes such as E2F, cyclin E1, cyclin D1, PCNA, p53, Rb, c-myc and p27
Kip1 , and estrogen-responsive genes such as cathepsin D and hsp27 was investigated by semi-quantitative RT-PCR. As summarized in Fig. 3A , lower expression levels of cyclin E1 and PCNA mRNAs were observed in MCFRR1 and MCFRR4 cells than in MCF-7 cells. The reduced expression levels of E2F and cathepsin D mRNAs were also observed in MCFRR4 cells relative to those in MCF-7 cells, while the expression levels of Rb, p27
Kip1 , c-myc and hsp27 mRNAs were equivalent and the enhanced expression of cyclin D1 mRNA was observed in MCFRR4 cells (Fig. 3B) .
DISCUSSION
Lacking the Q-rich and PAS B domains of AhR, AhRR is defective in both ligand binding and transcriptional activation, though AhRR shares a common ancestor with AhR. In addition to the induction of target genes such as CYP1A1 in xenosensing, AhR has been reported to affect cell growth and differentiation in various circumstances. 15, 16) The inhibition of E 2 -induced G0/G1 to S phase progression in MCF-7 cells in the coexistence of TCDD was partially recovered by the transfection of siRNA for AhR, suggesting a suppressive effect of AhR on the E 2 -dependent growth of MCF-7 cells. 17) The expression of AhRR mRNA, which was negligible in MCF-7 cells, was induced in the presence of 3-MC (data not shown). In order to examine the function of AhRR without being affected by the activated AhR, we employed stably AhRR-expressing cell line (MCFRR4) instead of parental MCF-7 cells, in which AhRR was induced by AhR ligand. Based on the delayed growth rate of MCFRR4 cells compared with that of parental MCF-7 cells, AhRR overexpression in MCF-7 cells might suppress the cell cycle, as in the case of AhR (Figs. 1, 2) .
The expressions of cell cycle-related and estrogen-responsive genes were studied for their sensitivity to either the stimulative or inhibitory effect of hyperexpressed AhRR. The expression levels of E2F, cyclin E1, PCNA and cathepsin D mRNAs were lower in MCFRR4 cells than in MCF-7 cells, while cyclin D1 was transcriptionally enhanced (Fig.  3) . The existence of inhibitory dioxin-response element (DREϭXRE) was identified in the cathepsin D gene promoter. 18, 19) The cathepsin D promoter contains multiple E 2 -responsive elements including the GC(N) 19 ERE1/2 motif. This region also contains a core DRE sequence known as inhibitory DRE (iDRE). The AhR/Arnt complex binds this iDRE sequence, blocking the formation of the Sp1/ER complex required for the E 2 response. Functional iDREs are also found in pS2, hsp27 and c-fos gene promoters. [20] [21] [22] These results suggest that AhRR could be situated on the iDRE sequence in the cathepsin D promoter instead of AhR. In contrast, the enhanced expression of cyclin D1 mRNA was observed in MCFRR4 cells compared with MCF-7 cells. The stable overexpression of cyclin D1 in the human mammary epithelial cell line increased the doubling time of the cell number and fraction of S-phase cells, and decreased cloning efficiency, anchorage-independent growth and tumorigenicity.
23) The increased level of cyclin D1 mRNA in MCFRR4 cells might therefore contribute to growth inhibition by AhRR.
Taken together, the inhibitory effect of AhRR on the growth of MCF-7 cells might result from the disturbed transcriptional and/or posttranscriptional regulations of estrogenresponsive and cell cycle-related genes. This is the first report concerning with the effect of AhRR on cell growth in MCF-7 cells. Further studies will be conducted to solve the mechanisms, by which AhRR affects the cell growth and gene expressions.
